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Sl£5«RY 



Tha recovery of potable water froa untreated urtna by tha catalytic 
nothod has been previously dsnonstrated; htajover, to Dlnltalzs tha energy 
requirssants, tha catalytic system n«st bo Integrated with an enargy 
efficient, zero-gravity evaporative process. 

The first phase of this program consisted of a study and analytical 
evaluation of conceptual evaporation/condensation systems suitable for 
Integration with tha catalytic water recovery nathod. Tha pricary requlre- 
rejnts for each concept t«jre Its capability to operate undar zero-gravity 
conditions, condense recovered water from a vapor-noncondsnsable gas 
mixture, and Integrate with tha catalytic syst^. Specific energy require- 
ments ware estimated for concepts tnsating tha primary rsquiresants, and 
the concept rast suitable for Integration with tha catalytic systea was 
proposed. 

A three-man rate condenser capable of Integration with the proposed 

1 

system, condensing water vapor In presence of noncondensables and transfer- 
ring the heat of condensation to feed urine was designed, fabricated, and 
tested. It was tested wUh steam/air mixtures at atmospheric and elevated 
pressures and Integrated with an actual catalytic water recovery system. 

The condenser has a condensation efficiency exceeding 90X and heat transfer 
rate of approximately 85S of theoretical value at coolant ten 5 )eratures 
ranging from 7®C to 80“C. 
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IHTRODUCTIOM 

Tha recovery of potable water frtsa untreated urine vapors by the 
dual catalyst csthad has been decnnstratcd with both low and high vapor 
concentration evaporative processes. However, to nininize tha energy 
requi recants there is a need to Integrate tha dual catalyst systea with 
an energy efficient, high vapor concentration, zero-gravity evaporative 
process. 

Because the catalytic »ater recovery systea requires oxidant gas 
that cay cenprise up to 20S of the gas/vapor street, tha presently avail- 
able evaporative systecss such as VCO and TlfCES cannot be directly integrated 
with it; however, tha principles of these system esay be applicable. 

The objectives of this investigation were: 

1. Study and analytical evaluation of cvaporation/condcnsation con- 
cepts suitable for integration with tha catalytic water recovery systea^ 

2. Design, fabrication, and testing of a three-can condenser capable 
of condensing the recovered water in the presence of noncondcnsablcs with 
a direct heat exchange to feed urine. 

To achieve the above objectives, the program consisted of the following 
tasks: 

I 

1. PevelopTOnt of System Concepts. - Several evaporation/condensation 
concepts were developed considering their capability to operate under zero 
gravity conditions. Integration vilth the catalytic water recovery method, 
and condensation of recovered water in the presence of noncondensables. 

2. Calculation of Energy Requirements . - Using thermodynamic and heat 
transfer considerations, specific energy requirements for each system 
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concept v<:cre calculated. The calculations usra parfomad In the scz» 
cannar for all concepts by using coinnon basic paracster$»then adding 
paracaters specific for each system. 

3. Daveloprant of a Condenser . - A three-nan condenser was designed* 
fabricated, and tested. The condenser Is suitable for Integration v^lth 
the system recornanded on the basis of concept evaluation. Condenser 
operation In the presence of noncondensables was deesnstrated by: 

a. Tests with steao/alr mixtures at atmospheric pressure, 

b. Tests with steam/alr mixtures at elevated pressures, 

c. Tests after Integration into a catalytic water recovery 


system. 
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SYSTD^ CONCEPTS 


Integration with Vapor Canpression Distillation 

One possible ccsibination of evaporator type, latent heat return method, 
and condenser/separator technique is the vapor compression distillation (VCD). 
In this section, the Integration of VCD with the dual catalyst water recovery 
systen will be considered, and methods of heat transfer and thermodynamic 
calculations will be presented. 

Figure 1 shows distillation with vapor compression and a rotating con- 
denser. The vapor is withdrawn from the evaporator and nixed with the recycled 
vapor-gas mixture. The mixture is then heated to 250°C through a compression 
action before it enters the flHj oxidation catalyst. The hot vapor-gas mixture 
is then drawn into a heat exchanger where it loses, its superheat before it 
goes into the rotating condenser where part of the vapor condenses and the rest 
leaves with the noncondensable gases. After tapping r,ff a p re-calculated 
amount vented through the H 2 O decomposition catalyst, the remaining vapor/non- 
condensables mixture is recycled. Oxidant gas is added to the flow at the 
compressor inlet. The heat , transfer rate through the evaporator/condenser 
wall is predicted by a set of equations discussed in the following sections. 

Heat Transfer Calculations at the Boiler .- The heat transfer rate per unit 
area in the boiler for a given flow condition (pressure, solid concentration, 
and still RPH) can br calculated using the equation proposed by Rohsenon:^^^ 


T AT . Pr 


.1.2 3 


»f”fg ^ 


(Pr - Pw) 


1 / 2 . 
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where: 



■ constant which depends on the liquid and surface material 
Cp « specific heat 

u • dynamic viscosity 

Pr » Prandtl number 

h^g ■ heat of evaporation at boiler pressure 

p « density | 

a ■ surface tension 

g ■ artificial gravity 

AT » difference bettracn wall and bulk tei^peratures 

The subscripts f and v stand for liquid and vapor, respectively. 

The accuracy of the results using this equation depends on the estimation 

of fluid properties under different flow conditions. The report written by 
( 2 ) 

Putnam Is used for calculating urine properties for solid concentrations 
In tne urine. 

Heat Transfer Calculation at the Condenser .- The rate of heat transfer 
on the condenser side is calculated using the analogy of a horizontal or 
slightly Inclined plate. Rohsenon and Hartnett^^^ described this process as 
follows: “a liquid film collects and in the quasi-steady state Is continually 
unstable, falling off in somewhat random arrangement of drops that have approxi- 
mate cosine shapes before detaching from liquid." This is usually visualized 
as the reverse of a film boiling on the upper side of a horizontal plate. The 
condensation process was analyzed and measurements were made for condensation 
of water at atmospheric pressure. Gertsmann and Grlfflth^^^ correlated their 
results for the Nusselt number as follows. 
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( 2 ) 



where 


and 


Hu - 0.81 fc.- t < 10“® 

Hu -0.68 for 10"^ > t > 10'® 

Hu Is the Husselt pimbcr and Is given by; 



( S ) 1/2 

{% - ;%)g cos d 


(3) 


KfUf AT 


\ -%) 9 <^05 9 (hfg + ^ Cp^ AT) (g(p^.p^) cos 0^ 


where 9 is the plate angle with the horizontal, h is the heat transfer 
coefficient at the condenser side, and is the water thenral conductivity; 
the re:naining symbols are as defined in Equation 1. 

The effect of non-condensables on the rate of heat transfer at the 

(5) 

condenser side has been quantitatively described by Sparrow and Hinkovvycz. 

They show that the heat transfer rate in forced convcH:tion condensation is 
much less sensitive to the presence of non-condensable gases than in the case 
of stagnant bulk mixtures,, although the reduction in heat transfer becames 
more serious as the pressure is reduced. They also indicated that the reduction 
in heat transfer rate for both stagnant and forced convection '-.onditions increas 
slightly as the differen,.e between wall and bulk temperature increases. 

Figure 2 shows the effect of non-condensables on the rate of heat transfer. 

In the figure, which is reproduced hei^ from Collier, A is the ratio between 
heat transfer rate with the existance of non-condensables in the stream to that 
which would have occurred at the same temperature difference with pure steam. 
These results were extrapolated for higher mass fraction of non-condensables 
expected to prevail in the present process. 


7 







Figure 2 
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At this point, the heat transfer rata In tha condenser Is calculated 
In t<o steps; 1) calculate ths heat transfer astualng para stcaa using 
eguatlcns 2 through 4, 2} use Figure 2 to Include the effect of noa-con- 
dcnsablos. These calculations sesa to be straight forward; however, the 
effect of the total pressure of the vapor-gas nixture can be as l^rtant 
as the air cass fraction. Sparrow ct. Indicated that tho reductions 

In stccei condansaticn rale beccs^ cars earked as tho total pressure Is reduced. 
Tha effect of tho total pressure in tha condenser Is of vital Icportance to 
the present process since It datcnalnas tha csjunt of vepor-gas oixturo to ba 
recycled. 

Tho rate of cendsnsaticn can be enhanced by several catheds which can be 
categorized Into three categories; 

1) Use of force fields (centrifugal, vibrational and electrostatic) to 
reduce ths thickness of condensate flla which constitutes tha eajor resistance. 

2) Prosoticn of dropwlse cendsnsaticn through surface treatment using 
chcnical coatings, polysar coatings, and electroplating. 

3) Changes of surface geoastry to Increase tha available area or to 
prenote rapid renoval of condensate. 

All of these cethods can be used to ic^rove the rate of condensation in 

a VCO systen condenser. The use of centrifugal force field has originally been 

V 

suggested for the boiling side of the still; however, the ccssblnation of the 
centrifugal force field and surface geosietry change can enhance the condensation 
rate at the condenser side of the still. This can be achieved by placing wires 






along the still surface and thus gsteratlng surface tension forces to cause 
the condensate to flea tcvards the wires and to drain as rivulets alongside 
the wire. 

Process Theraadynaalcs ." A thercodynaalc analyses of the overall vapor 
cc^rcsslon process Integrated with a dual catalytic water recovery systco 
was conducted to provide an analytical codel that Is capable of correlating 
the effects of the basic systca oparatlng parajssters. These operating pare- 
esters Include boiler tesperature and pressure, cespressor pressure ratio, 
condenser tesperature and pressure, cots fraction of non-cendsnribles, end 
Input waste solid concentration. objective here Is to calculate, for a 
three-aan waste production rate, the heat ‘.ransfer area needed for specific 
operating parairetcrs with nlnloa specific energy, volica, and tceight rcgulre- 
rents. A cerputer progrea was written and used to calculate the design 
variables for different alterations of tba process operation. 


Figure 3 qualitatively shows the condcnsatlcn/evaporatlon process In tho 
presence of non-condensable gases. Liquid waste enters the boiler at point I 
and saturated stcea leaves at point Z The flow leaving the boiler Is olxed 
with the recycled vapor-gas alxture and the oxidant gas, and the resultant 
oixture Is then superheated by ccepression action to the temperature required 
by the oxidation catalyst {250°C) and pressure P^. The mixture superheat 
is then removed under constant pressure bringing the vapor to point 4 at which 
State the mixture enters the condenser. Incciplete condensation occurs at the 








Entropy, S 



Figure 3 REPRESEffTATIOH OF CONDEMSATII 
PRESENCE OF NOH-CONOEHSABLES 
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ccndsnsGr which brings tha vopar-llquld talxtura to state 5. Tha datercrt nation 
of state 5 (pressure, Ucpsrature, and ratio of vapor to gas) depends on ths 
total and vapor pressure at tha Inlet to the condenser, tho condenser surface 
teeparature, arjl ths rate of haet transfer froa tho condensing surface. 


Intergratlon with Thsrroelcctlc Integrated Merirene 
Evaporation Systea 

Another posslblo c^lnatlcn of evaporator typs, latent heat return 
cethod and condsnscr/separater technique Is tha Thenajolectrlc Integrated 
Bsnbrano Evaporation Systra (TIISS) developed by Haallton Standard, Division 
of United Technologies Corporation, Hlndr-or Locks, Conn. Figure 4 Is a 
schematic of Tirss Integrated with tha dual catalyst water recovery o^ethed. 

In principle, the thercaelcctrlc heat pic*p absorbs heat at Its cold surface 
and dissipates It at a hotter surface. A sealconductor catcrlal provides the 
driving force, obtained frtxa an electrical power source, for calntalnlng the 
ttsrperature differential between the two surfaces. Tha condenser Is built 
on ths cold slda of the thartsoalectrlc heat pu!cp and Is a wst cooled 
porous plate which acts like a sponge absorbing the condensate which Is with- 
drawn through the porous plate by a punp action. The hot side of the therai- 
electrlc heat picp Is utilized to heat up a relatively large rate of liquid 
flow which is continuously circulating through the heater and then through a 
hollow fiber rerJjrane (HFU) evaporator. The liquid flow loses the heat 
absorbed at the heater side of the theirioelectrlc heat picnp to the snail 
amount of evaporating liquid at the hollow fiber merJirane (HFH) evaporator. 
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Ths resulting vapor, alxed with non-condensable gases. Is wlthdratoTi frca the 
HFM evaporator, mixed with the oxidation gas and recycled vapor-gas mixture, 
and puKped through the NH 3 oxidation catalyst, then to the condenscr/separator 

where ioss of it condenses and is drawn off. The rest is recycled again, 
after tapping off a soall portion for venting through the H 2 O dcconposition 

catalyst. 

Heat Transfer Calculations at the Heater. - The heat transfer rate 
at the heater is calculated using the expericsental data for the heat transfer 

(3) 

between parallel plates with constant but unequal plate temperatures. The 
flow and fluid properties are calculated using the correlations reported in 
Reference 2. The area of heat transfer needed is datemined by the nundjer 
and size of thamoelectric fsodules which, in turn, depend on the rate of heat 
to be rejected frca the cold side of the theirselectric heat purp (rate of 
condensation) and the crefficient of performance of each nodule. The coeffi- 
cient of performance of the thermoelectric nodule increases as the difference 
betvreen the temperature it operates under decreases. This, in effect, 
restricts the evaporator pressure and hence the condenser/separator pressure. 
Figure 5 shows the rclativeness of operating parameters of the thermoelectric 
heat pimp. Note that for a fixed temperature differences between the cold 
plate and the cold source and the hot plate and the hot sink, the evaporator 
pressure practically determines the tJ for the thermoelectric heat pump and 
hence the power input needed. 

Heat Transfer Calculations at the Condenser/Sepa rator.- As mentioned 
before, the vapor-gas mixture enters the condenser with a saturation temperature 
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Pj ■ Pressure inside the HFH 

?2 * Pressure outside the HFM 

Pj » Saturation pressure at the condenser 

t ■ T/E cold plate temperature 

t* » T/E hot plate temperature 

T = bulk temperature of the liquid in the heater 

T' » bulk temperature of the liquid at HFH 

Figure 5 RELATIOfI OF OPERATING PARAMETERS OF A THERMOELECTRIC HEAT PUMP 







higher than the porous plate tessperature. The vapor condenses under a forced 
convection condition. As the vapor condenses, the resulting liquid is witn- 
dratsrn by a pus^p suction to keep the porous plate uith oiniea>s> condensate fila 
thickness. The rate of heat transfer in this process was calculated using 
the following expression which was expcrir-entally verified by Kroger; 


h ■ 

's " 'i 


P - P„ 




V "g 


where h is the coefficient of heat transfer, q is the rate of heat transfer, 

T is tenperature, P is pressure, 0 is diffusivity, h^g is heat of evaporation, 

Rg is gas constant, R^ is vapor constant, H is gas rass and A is the area of 
condensing surface. The subscripts i, s, and v stand for inlet, saturation, 
and vapor, respectively. 

The maximum percentage of vapor that would condense in the condenser is 
also determined by the ratio between the vapor pressure at the condenser inlet 
and the saturation pressure set by, the cold plate temperature, i.e., as the 
cold plate tonperature decreases the condensation rate Increases; however, the 
power input to the thermoelectric heat pump also increases with less efficiency. 


It Is now becoming clear that the design of the condenser/phase separator, 
the thermoelectric heat pump, and the heater must be matched through appropriate 
operating parameters for optimum results. The analytical procedure developed 
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carefully considers this by adjusting the rate of liquid flc^ In the heater- 
side and the temperatures selected for the thcnaoalcctlc cold and hot plates. 


The Hollow Fiber Hgnbrane (HFH) Evaporator.- The rate of evaporation 


pir unit mecibrane area under the process conditions »as calculated using the 
data reported In Reference 8, 9, and 10. For a certain flow rate, fixed fiber 
gecssetry and rate of evaporation per unit membrane area the total number of 
fibers Is calculated os follows. 

Total c®i^)rane area, A » 6/ft , (6) 

where i!i Is the Intended rate of evaporation (Kg/hr) and Is the rate 

2 

of evaporation per unit menbrane area (Kg/hr a ). 

The nujsber of fibers (n) Is calculated by: 

" ■ irm- 

Where 0 and L are the fiber I. D. and length, respectively. 

The power P needed to pun?p the urine through the hollow fiber nusnbrane 

assembly Is calculated as follows 

P » L (|- <v ^ f)^ + S (j<v>^e..)^ (8) 

1*1 h 1*1 * 

where < v > ■ the average velocity 

1 ■ the 1th fiber of n total number of fibers 

L * fiber length 

Rjj ■ the mean hydraulic radius 

f * friction factor 

e. * the friction loss factor 














Process Thgrmodynanlcs. - An analytical procedure was developed to analyze 
the Integrated systen perforraance under different operating parameters. These 
parameters Include; condenser tespsrature, heater teaperature and tenperature 
gradient between Inlet and outlet flow, and thermoelectlc heat pump operating 
temperature. The energy Input and output Is calculated for each step In thi 
process for both of the two liquid and gas cycles. As Illustrated In Figure 4, 
the two cycles meet In a mass transfer process In the KFM and In a heat transfer 
process In the thermoelectric heat pump. The effect of non-condwisable gases 
on the rate of condensation Is shown by the larger condenser i /ca needed for a 
specified rate of condensate, and the larger amount of recycling mixture rela- 
tive to the VCD system. 

The overall specific energy Input to the systen Is calculated by algebra- 
ically adding up the energy Inputs and outputs In each subprcccss. The two 
most Important Items are: 

1. The power needed by the thermoelectric heat pump to transfer heat 
from lower tarperature condensing vapor to the higher temperature 
liquid. The magnitude of this power heavily depends on the design 
and manufacturing of the thermoelectric modules. It is believed, 
based on consultation with different thermoelectric heat pump 
manufacturers and previous reports, that a coefficient of perfor- 
mance (COP) of value of 3 1c- a fairly reasonable assumption (COP 
Is defined as the ratio of heat reroved from the cold source to the 
work done by the thermoelectric modules.) 
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2. The potv* 2 r needed to pic^ tha liquid through tha heater end tha 
HFH. The calculational procedure for this power is described in 
the previous section. 

Integration with Vapor Ccapression/t?s:Arane Evaporation 

Previous sections discussed the integration of the dual catalyst systca 
with knovin, reasonably well developed evaporation/condensation systcssi 
nasaly VCD and TIfnES. The sain difficulties with these systcas includa the 
ntschanical cos^plexity of the VCD and the low efficiency of the thernoelectric 
heat puxp used in TIl^S. 

A new concept of evaporation/condensation with heat recovery which can 
be integrated with the dual catalyst systea for water recovery fra-a urine was 
developed. This CARD concept is shown schesiatically in Figure 6. This 
concept involves the use of hollow fiberssesbranes for urine evaporation, a 
vapor cotnpression, and a porous plate condenser, and conibines the energy 
efficiency of the VCD with the mechanical simplicity of TIMES. 

The recirculating urine passes through the heater side of the heater/ 
porous plate condenser where its temperature is increased by the latent heat 
recovered from the condenser side. Fresh urine is added to the recycle stream 
to make-up for the portion that has been recovered as potable water, i.e. to 
maintain a constant volume in the recycling stream. The hot urine is then 
pumped through a cell of hollow fiber membrane (HFH) where a certain portion 
of it evaporates at the exterior surfaces of the hollow fibers, with the heat 
of evaporation provided by the hot fluid stream. The vapor from the HRI is mixec 
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with the recycling vapor-gas mixture and oxidant gas, than superheated by 
compression to 250°C and passed directly through the ox1da\;1on catalyst. 
The resulting high pressure vapor-gas mixture Is then drawn Into a heat 
exchanger to resnove Its superheat before It eiters the porous plate condenser. 
The porous plate condenser Is kent at a temperature below the saturation 
temperature corresponding to cnc vapor pressure of the condensing steam by 
the cooling effect of the recycling urine stream. The water Is pumped out of 
the condenser and the uncondensed vapor and non-condensables mixture Is re- 
cycled. A small portion of the recycled mixture Is tapped off, heated to 
500°C and drawn Into a second catalyst where H^O Is decomposed to Hg and Og 
and then vented to atmosphere. 

The heat transfer analysis and power calculations are similar to that of 
VCD and TIMES. The results of these analysis are dlscusseo In the following 
section. 


Integration with Other Evaporative Techniques 

So far, we have discussed two techniques for the evaporation process, 
distillation and manbrane evaporation. There are other evaporative techniques 
that can be Integrated with the dual catalyst system,such as the spray drying 
and flash evaporation. This section will discuss the pertinent characteristic 
of these evaporative methods when applied to urine water recovery In space. 

Spray Dryer .- The principle of spray drying Is the creation of atomizatio 
of a highly dispersed liquid state in a high temperature gas zone, followed by 
rapid evaporation and drying of the droplets. Consequently, three equally 
important operations are involved, namely, 1) atomization, 2) spray gas mixing 
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and 3) drying of liQald drops* follcwod by tha rtsoval and collection of dry 
product. Air is co=mnly used as the wra gas in cost industrial spray dryers. 
In tha ualcr recovery systos, however, it is desired to exclude air fr©a tho 
evaporative process so that the heat input is oinlaiacd and used only for 
vaporiilng urine feed. This can be acccsplished by using superheated urino 
vapor as tho wans stresa heat transport eedii«. Figure 7 sho»s a schematic of 
a spray drying system) integrated with a thcrooelcctric heat puc^ as a condenser/ 
heat recovery systsi. 

The prinary advantage of the spray drying is that solids do not contact 
evaporator surfaces until they have fcecosse dried* tehicH alleviates corroslcn and 
con tasi I nation problcsss. Also* spray drying cay frequently sie^lify or eliainato 
other operations such as filtration of the feed. Tho cain disadvantages are its 


energy intensiveness and large systen voltcea reguires^ts because of tho 
high gas/v 3 por streca tessparature and flea rates required to vaporize the 
liquid feed. 


In spray drying systccs* energy is ssainly certsused in: 

1. Atcaization of liquid. Using a pneusatic atcaizer and assusing 
isothercal expansioi* the energy Ep. needed to atcaize I Kg of 
urine using Kg of vapor is calculated by the following formula: 


Ep - RT In 



( 9 ) 


where 


T ■ absolute tes^erature of vapor, 

R • gas constant* 

p 

I pressure ratio across the atcraizer. 





Oaldant 









Is calculated frea a heat balance c^jatlcn assuaing perfect 
alxfng and Inlet conditions for both liquid and vapor strcass. 
let ths liquid Inlet temperature and pressure fca Tj and Pj , 
respcctlvoly* and AT the superheat of vapor, then 

“o "f, ‘ 'o 

utsere n^, C^, h^^ are eva^rated Hquld cass rate, heat capacity, 
and heat of evaporation at respectively » Is tha result- 
ing vapor tsr^arature and Cp^ Is the vapor heat capacity, Tha valta 
of obtained In Eq. 10 Is then used In Eq. 9 to calcuate tha 
energy requl recant. 

2. Pumping of the continuously cycling vapor used for tha evaporation 
of the ateaized urlna. For a three-san systca, tha volusatrlc flo*4 
of this vapor Is calculated to be In tha order of 150 a^/hr. at T ■ 
373 K, depending on the pressure ratio across the expansion valve 

1u the vapor line entering the spray drying chacber and, consequently, 
on the al lovable vapor temperature drop. 

3. Thercaelcctrlc heat pimp. The power consuced by the tharooelectrlc 
heat pusp to transfer tha heat of condensation of the condensing 
vapor to superheat the circulating vepor used In spray drying Is 
considerably large. This Is due to the low efficiency encountered 
by the gaseous heat sink which necessitates high tempera ture gradient 
and hence high difference between the thercoelectrlc operating 
teisperature, Horeover, the heat transfer area needed would be larger 
thin that needed If liquid cooling Is used. 
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Solid-gas separator. Soao kind of rotary eguijssant faist bo 
used to provide for the separation of dricsl solids frea tho 
vapor-gas oixture when operating under zero-gravity conditions. 
In addition to tha design ccrpl lection In satisfying this 
requ1retant» extra power consurptlon, wsight and volina caist ba 

rnn«id«»r**d. 


Because of tho high power requirtnents and large t^lght and voltsia 
penalties, tha spray drying concept Is deeced unsuitable for space applications 

Flash Evaporation . » The flash evaporation, as Illustrated In Figure 0, 

Is a process In which the prehoated liquid Is pu^ed Into a reduced pressure 
vessel. Tha sudden expansion produces vapor at tha expense of liquid. Tha 
process occurs adlabatically due to the fast rata of hsat transfer needed In 
tha evaporation. Tha tslxture of vapor, gas, and liquid Is then Introduced Into 
a gas-1 Icuid separating vessel which. In zero gravity cnvlronsant, requires 
carefully arranged rotary cation to generate centrifugal forces to. separate 
liquid droplets frosj gas.' Slallarly to TII€S, the flash evaporation tnethod 
provides for separate evaporation and heating processes, and a form of hsat 
pusping device (therffioelectrlc or auxiliary vapor cycle) Is needed. However, 
added design conpllcatlons and energy consumption In the vapor-liquid 
separation process oake It unfavorable. 









DJERQY REQUmStlUTS 


Energy rcqulrswints for watjr recovery systess based on catalytic 
treatsseat of urine vapor Integrated with the three feasible tsethods of 
ovaporatlon/ccndensatlcn wans calculated using thsrrsdynjalcond heat transfer 
consideration discussed in the previous section. To provide a iccaningful 
carparlson, the calculations »«»re perforced In the sasa manner for all three 
systems by using ccTson basic parametors end adding cnly those paracators 
that are specific for each system. The basic Input pars.i^tors cci^n to 
every system arc; operating tseperatures of the catalysts, potable tater 
mass rate, percent of oxygen required for achieving emsonia oxidation, 
parentages of COg, tJgO and Og In the recycled vapor/gas mixture, conditions 
In tha evaporator/cendsnser, and physical properties. Tha values of tha 
basic Input paracaters arc listed In Table 1. 

Tha following assumptions ware used: 

1. A fixed rate of potable water production, 

2. Perfect therral Insulation, 

3. Perfect haat exchsnge. 

The calculations considered tha path of tha process and datenninad the 
required energy and the available energy at various points; however, no 
attempt was made to determine in which manner the avail able energy should be 
best utilized. All the available heat was considered a credit during the 
calculations (l.e,, a perfect heat exhange); however, a correction assuming 
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TABLE 1 BASIC INPUT PARAJ<£TERS 


TKT^arature at oxidation catalyst, ®C 250 

Tcc?»3rature at dsconposing catalyst, *C 500 

Inlet tcc^oratura of urine, ®C 25 

Inlet teapsraturo of oxidant, ®C 25 

Exit tesrparaturo of liquid, ®C 25 

Exit tes^araturs of vent gas, ®C 200 

Urlno faass flcarata. Kg/hr 0.854 

Solids In urine, S 15 

Oxygen, * 6 

Carbon dioxide, S 4 

tiltros oxide, S 3 

Heat capacity of liquid, KJ/Kg®C 4.20 

Heat capacity of vapor, KJ/Kg®C 2.04 

Heat capacity of gas, KJ/Kg®C 1.04 


- 1 
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an 85S efficiency of tho heat oxchangar was applied to the final energy 
requirenant value. Although this nathod introduces a certain error in the 
calculated values of specific energy requi resents, it provides a csoaningful 
cc^arison of tha three systcots as long as each of thsa is treated in the 
satse ranner. 

6AR0 Systca 

Evaporation .- The area of tha heatar was calculated by assuaing 

a fixed distance botwasn the parallel plates and a fixed tespsraturo diffor- 

cncQ between wall and tho liquid bulk teaparatures. Tha following relation 

was* used to calculate tho heat transfer coefficient; 

\ 

hu » 33.316 ♦ 6.918 Pr. 

where Hu and Pr are Hussolt and Prnndtl nirabers, respectively. Based on tho 
heat transferred fnxn tha condenser, thu heatar area was calculated. Tha 
recycling fluid flow rate was determined assuming a naxicun tcapsrature rise 
for tha fluid flowing through tha heater. 

Tha heated urine passes through a hollow fiber caxrdjrana evaporator 
module where water vapor diffusing through tha tube wall evaporates at tha 
outside surfaces of tha fibers, and tha heat of evaporation is provided by 
the hot urifie stream. The liqui ! pump power requiremant was calculated on 
the basis of assumed total area of the hollow fiber nsmbrane with known 
specifications (length, diameter). 

Vapor Cycle Calculations. - The polytropic process relation for the ideal 
gases was used to calculate the only unknown condition across the compressor. 




1 
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1.Q.« oxit prassure; thsn th9 cc::^ress1on flcsi work tfss calculated basad en 
a c»tor/cc:?rcsscr cschanlcal efficiency of 0.8. 

Tha vapor-gas nlxture entars tha condenser at a saturation teeparatura 
higher than tha condenser tce^jsraturo end condenses under a forced convection 
condition. As explained earlier, tha naxlrsea parccataga of vapor that t^uld 
condense In the condenser was datorralncd by the ratio batten tha vapor 
pressure at the condenser Inlet end the saturation pressure at the condsnscr. 

Calculated Energy Rsnuirsisant. - Several cos^utar runs wore Kda for tha 
CARD Systca at evaporation tcr^araturos of SO", GO", end 60"C, and different 
condensation tes^aratures. Tho results ara suszsriscd In Table 2 end Figure 
D. Tha calculations Indicate that, for a given evaporation fesperaturo, the 
required specific energy Increases with an Increase In the ccndsnsatlon 
tcr^eratura. This behavior «n bo explained by realizing that an Increase' 

In tha condsnsatlon terperature decreases the available hoot of condensation; 
therofore, less enorgy Is transferred to tha recycling liquid. Eocauso the 
required heat of evaporation Is fixed for each specific evaporation terr^or- 
ature and rato, additional en-orqy raist bo provided externally to offset tha 
dscrcaso In the available heat of condsnsatlon. On the other hand, tha power 
consue^tlon of tha liquid pue? bccoess lowar at higher condensation teaser- 
aturos; however, tha net result Is hlghar overall cnarqy rcqulrcaent. 

As shovfn In Figure 9, raising the evaporation tcaiperature has a favor- 
able effect on the energy requirement of the systca at any given condensation 
ternparature. Lowering specific energy requirements at higher evaporation 
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TABLE 2 EKERSY REQUIRSSfJTS FOR GARO SYSTBI 


Evaporation 

Tcsparature, 

Condensation 

Teeperaturo, 

Oxidizing 

Gas» 

Specific Energy, 
ir.i/tfn t Watt - hr 

°C (°F) 

°C (°F) 

62 0, 


\b 

60 (KO) 

65 (149) 

Oxygen 

554.4 

(71) 

60 (140) 

70 (158) 

Oxygon 

570.1 

(71.7) 

60 (140) 

75 (167) 

Oxygon 

577.2 

(72.6) 

60 (140) 

80 (176) 

Oxygen 

535.5 

(73.6) 

60 (14C) 

85 '185) 

Oxygen 

594.6 

(74.0) 

60 (176) 

85 (105) 

Oxygen 

560.7 

(70.5) 

80 (176) 

90 (184) 

Oxygen 

557.1 

(71.3) 

80 (176) 

95 (203) 

Oxygen 

575.1 

(72.3) 

80 (176) 

100 (212) 

Oxygen 

504.8 

(73.5) 

95 (203) 

100 (212) 

Oxygen 

556.4 

(69.9) 

95 (203) 

105 (221) 

Oxygen 

566.3 

(71.2) 

95 (203) 

110 (230) 

Oxygen 

573.6 

(72.1) 

95 (20C) 

115 (239) 

Oxygen 

535.7 

(73.6) 

95 (230) 

120 (248) 

Oxygen 

593.4 

(74.6) 

80 (176) 

85 (185) 

Air 

707.4 

(83.9) 

80 (176) 

80 (194) 

Air 

716.3 

(90.1) 

80 (176) 

95 (203) 

Air 

727.2 

(91.5) 

80 (176) 

100 (212) 

Air 

739.0 

(93) 




















tesparaturcs at a given ccndsnsaticn tcrspsratura can be attributed to tha 
folloting factors: 

1) At higher evaporation tenporatures, raising tha tcttperature of 
tha vapor-gas nixtura strcass to 250®C by ccopresslon requires 
less compressor wjrk. 

2) At higher evaporation tecqjerature more vapor can be condensed 
due to tha higher pressure difference batwacn the vapor streem 
entering the condenser and the equlllbrlisa at tha condenser 
surface. 

Tha analysis Indicates that tha energy requirement of tha GARO System 
Is Tc^iar than that of TIftSS (as used today, I.e., witliout a catalytic vapor 
treatment). mainly because of the elimination of the thsniaolectrjc heat pump. 
This encouraging result Indicates that the &*\RD system Is a prralsing concept 
that can bo used to provide potable water from urine at an efficiency 
higher than TIKES but with a similar mechanical simplicity. 

When air ds used as tha oxidizing gas Instead of oxygen, tha energy 
requirement Is higher than that required with oxygen. 


Integration with TIt€S 

Liquid and vapor cycles were analyzed In the same way as described for 
the GARO System, except for the therrioclectric heat pump and for a minor 
change In the heater calculations. The coefficient of performance (COP) of 
four (4) was used to evaluate the power requirement of the thermoelectric 
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heat piEspt although such a high COP lalght not ba attainable at large tssper- 
ature differentials. In the parallel plate heater calculations, the area Is 
fixed for the conditions studied Instead of fixing the distance between the 
two plates. 

To check the accuracy of the ctwputcr program, a run was made for the TIKES 
system by nadlfylng some parts of the program and using conditions similar to 
those reported by Ulnklcr and Roebelen^^ and sunoiarlzed In Table 3. They 
report that the energy requirenent under these conditions Is about 103 H-hr/lb. 
The required specific energy obtained by our calculations Is 132 U-hr/lb., 
which Is reasonably close to the value rcportcxl by Hinkler and Roebelen. 

Table 4 and Figure 10 show the required specific energies for the 
system Integrated with TIMES at various operating conditions. It can be seen 
that the specific energy requirement of the system Is higher than the CARD 
System, and follows a different trend. At a given evaporation temperature, 
the require! specific energy decreases with an Increase In the condensation 
tenperature. Since the system operates at a constant AT In the condenser, 
the liquid pumping rate,*tha rate of heat transfer by the therroelectrlc 
elenant and the direct heating must be balanced. Although each of these 
parameters changes differently with the temperature of condensation, the 
net result is a lower energy requirenent at higher condensation temperatures. 
For the same reasons explained for the GARD System, raising the evaporation 
temperature results In lower energy requirements. 




TABLE 3 TIKES OPERATING COHOITIOMS 



Potable water mass rate. Kg/hr 0.771 

Condensation teriperature , ®c 57 

The hot junction tenperature.^c 66 

Coefficient of performance 4 

Hollow fiber msnbrane (HR1) I.D., cm 0.05 
Total available area of HFH, cm^ 3678 


I 
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31 ISfTEG^ZATCO WITH TUSS 


Sp«clflc Crcrijr. 
(U/E9 ( ) 


nu.2 

(m.a) 

llVi.Q 

on. 2) 

USS.9 

(170.fi) 

t3}t.& 

(lfi7.S) 

1324.2 

( 16fi.fi) 

I31&.9 

(lfiS.9) 

1315.9 

(lfiS.fi) 

1310.fi 

(lfi4.fi) 

13C4 

(164. C) 


Specific Energy 










Integration uith VCO 




Tha cnargy rt^julressnts for a <JuaI catalyst systca integrated with VCO 
K3S calculated In a nanner siallar to the tao othsr systess. Gcnarally, the 
VCO energy rcealrcssnts can be subdivided Into a specific energy of tha 
process and a csschanical hardware enargy. Sinca tha cfsrgy required for 
hardware ctrponants such as centrifuge cator for rotating evaporator/ 
condanscr, solenoid valves, artd fluid pur^s ware not Included In tha 
computer prograa, a fixed value of the hardsoro cnargy was added for obtain* 
Ing tla ftrjl results. Thospsca et al^^ asticato tha process hardware er^ergy 
for chair systca at 25.3 Uatt-hr/lb. 

Tha area of tha evaporator was calculated using Cq. I and assising the 
tssparatare of tha evaporator wall to be an avaraga of tha teeperoture of 
evaporation and ccadansatlon. Tha haat transfer rats In tha condanser was 
calculated using Eqs. 2 threueh 4 ar^ then correcting for tha affect of rpn- 

ccndansables. 

* 

Tha results for several operating conditions are sisraarlicd In Table 5. 
Figure 11 displays the effect o? changing tha evaporation and condensation 
tCJEpcratures on the specific energy requiresant of the systca. Slnllarly 
to tha 6AH0 Systca, Increasing tha condansaticn teeperature Increases the 
energy requireiaent. This can ba explained by noting that an Increase In 
tha condensation terpsrature results In a higher partial pressure of water 
vapor leaving the condenser, I.e., norc vapor In the recycle strcaai that 
has to be recycled and rcccinpresscd. The higher energy requlnsnent of the 
systen at higher evaporation tesperatura can be explained by realizing that 
Bore energy Is required to preheat the feed. 
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TABLE 5 ENERGY REQUIREI2IJTS OF SYSTEM It(TEGRATED UITH VCO 


Evspordticn 

Tcspcrature. 

°C (°F) 

Condensation 

Teeperature, 

°C (°F) 

Oxidizing 
Gas, . 
63 

Process S^ciflc 

M • r>#_ # listi “ hr % 
KJ/Kg ( — — } 

Total Specific Enersy, 
H/«J { 

eo (140) 

65 (149) 

Oxygen 

271.9 (34.2) 

471.7 (59.3) 

60 (140) 

7C (150) 

Cbtygen 

203.3 (35.6) 

433.1 (60.9) 

60 (140) 

75 (167) 

Oxygen 

23S.S (37.1) 

495.3 (62.4) 

ao (176) 

B5 (165) 

Oxygen 

367.9 «5.3) 

S67.7 (71.6) 

BO (176) 

90 (194) 

Oxygen 

300.2 (47.0) 

500 (73.1) 

80 (176) 

95 (203) 

Oxygen 

393.6 (49.5) 

533.4 (74.0) 

SO (194) 

95 (203) 

Oxygen 

415.S (52.2) 

615.3 (77.S) 

90 (194) 

97 (207) 

Oxygen 

420.9 (52.9) 

620.7 (73.2) 


90 (194) 


100 ( 212 ) 


0;iysen 


420.5 (53.9) 


523.3 (79.2) 



specific Energ> 




h » I /iU Vi U '"i ^ ^ £■* V, 



556.4 


476.9 


VCD 


KJ/Kg 
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Co^arlson of the Systcsa 

The results of the cast energy efficlait cases of the three systeas are 
presented In Table 6. In this Tablo. In addition to the specific energy 
calculated asstaing a ccrplete recovery and utilization of the avallab^o 
energy, the energy requ1rc:sents using boat cxchanga of 85Z efficiency are also 
Indicated. The systca with the lc«ast cnargy reguircstnts utilizes VCD for 
the evaporatlcn/condcnsatlcn and heat recovery. Hotsaver, this systca entails 
the c^hanlcal ccsr^lexlty of tho VCD and tha difficulties of liquid fllQ 
handling on a rotating dnn. 

Tha systen utilizing TIh«S has tha highast energy rcqalrcscnts, calnly 
because of tha low efficiency of tha tbensoalcctrlc heat piap; boKCvcr, this 
systea has no caving parts other than pjsps and Is, thsraforo, nschanically 
s1cH)le. 

Tha calculated energy requirements for the GARO System are somewhat hlghe 
cortpared with a system utilizing VCO but significantly lower ceppared with a 
systca Integrated with TIf-2S. Actually, the CARD system requires less energy 
than the TIMES system presently under development which doss not Include any 
catalytic treatnant. The GARO concept can be regarded as a hybrid enploying 
desirable and rejecting undesirable features of both VCD and TIKES. It 
avoids the cschanical comolexitv of the VCD and the poor efficiency of the 
thermoelectric heat pun?. Its main ccewnents (hollow fiber evaoorator, 
vapor cornpresslon, porous plate condensation) have been' previously, suffi- 
ciently tested In other systems. 
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TA3LE 6 CE3»AIUSC:i Of T.IE tSST EFFICIEHT CASES C7 TliE TIEEE SYSTES 





It should bo kept in nlnd that tha calculated valuas presented hare 
constitute only tho calculated cnaroy requi recants of those systems. A 
design study is necessary to obtain tha bast configuratitns and tha actual 
waight and volira penalties; however, weights and volucss of tha three systems 
considered hero can ba assicsd to Ivs closo to each othar. 




COHOEfiSER OEYELOP.OT AND TESTING 



Based on tha analytical evaluation of various conceptual system for 

[ 

Integrated water recovery by tha dual catalyst nathod described In previous 
sections, a concept utilizing a porous plate for condensing tha recovered 
water with a direct heat exchange to feed urina was found the n»st pr^jlslng. 
Such a condenser rxist be suitable for 

1. Operation under zero-g conditions, 

2. Condansatlon of recovered water fro:a suporhaated stem containing 
up to 20X of noncondsnsahlc gases entering tha cendsnsor at 
teinparaturcs ranging up to 250®C, 

3. Recovery and transfer of tha heat of condensation to feed urine. 

Although tho rccovery/r^val of water vapor on porous plates has been 

Investigated and used bafore, little data ere available that are applicable 
to this particular application. Therefore, tha dsvoloprant of tha condenser 
was pursued In three stages: 

1. Construction and testing of a flat plate condenser for the purpose 
of obtaining heat transfer and condensation efficiency data, 

2. Design and fabrication of a cylindrical condenser suitable for 
Integration with a three-ran catalytic water recovery system, 

3. Testing of the cylindrical condenser first with steam, then 
Integrated with the dual catalyst system. 
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Flat Plata Condsnsor 

OsscHptlcn .* Tha flat plato CKtdanser aad its cts^ponsnts are shown in 

Figures 12 and 13. Tha central piece of assc:i)ly is a 25.4 ca (10“) long, 

22.9 ca (9") wida and 0.32 cn (0.125") tliictc olminua bass plats. A porous 

plats, 15.2 cn (6") long, 15.2 ca (6”) t(ida, and 0.32 ca (0.125") thick, of 

a 402 danse sintered fiber coppsr having a ncsinal parsscability of 0.S5 

L/min-a^-Pa (160 gal .min-ft^-Psi) for water and di^ thorcal conductivity 

of 10.2 watfc^ -"C (5.9 Btu/hr-ft-"F) was installed cn the condansing sids 

of tha bascplats in a way allowing a O.l cn (0.04“) gap bafcJKsn the plates 

for passage of the condensed tator. The other sicb of the base plate is 

exposed to the cooling weter end contains 12 altaifup pins spaced 2.54 ce 

(1") apart in a square pitch arrengessnt for increasing tha heat transfer. 

A stainless stcol tube of 0.95 ca (0.375") I.O. is cennectad to a holo 

located in the center of baso plate for withdrctnl of the condensed 

water accumulating in the gap between the base plate and the porous plate. 

Both sidas of tha base plate are covered witli enclosures constructed frea 

• • • 

a clear 0.93 ca (0.375") thick polycarbonate plate, with rubber gaskets 
placed between tha base plato and tha enclosures for a leak-tight seal. 

The polycarbonate enclosures allow a visual observation of the condensation 
process. Tha enclosure covering the porous plate contains ports for stcan 
inlet and outlet and baffles near steam entrance and exit for achieving 
a uniform steam distribution. Tha coolant side enclosure has an inlet and 
outlet for cooling vyatcr. Chrcmel-Alumal therrocouples are installed to 
monitor tha temperature of Inlets and outlets for steam and water and also 
the surface temperature of the base plate. 
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Figure 13 C^POflOITS OF Tr£ FIAT PLATE CCS^IISR 
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Expartenta'^ Sat-up. - Tha flat plate condsnsar »as tested In an exparl- 
Kental arrangcnsnt slmTi In Figure 14. Stcan was generated frea distilled 
water at atnospharic pressure in a glass boiler heated by an electric heat- 
ing mantle whoso electrical inyut was regulated by a variable transforesr. 
Steam was mixed with measured amounts of air, then daliverc-d to the con- 
densing side of tha flat plate cendanser. The condensate collected by the 
porous plate was renoved by a slight vacuum applied to tho condansate 
collector. Vapor remaining uncondensed and leaving tha condansar with tho 
air stream was removed and collected by an auxiliary condsnsor maintained 
at approxicatoly 21.1®C (7P®F). Tha flowrate of tha coolant water was 
measured by a flovaeater, then it was preheated to a desired temperature by 
passing through a copper coil icmarssd in a constant temparature bath. Tho 
system was started and allowed to achieve a steady state which was indicatod 
by a constant outlet temperature of tho coolant water, than tha test was 
initiated and continued for ono hour. 

During tha preliminary testing, it was observed that there was seme 
condensation on tha upper enclosure of the condenser resulting in wafer 
droplets falling on tha porous plate and, thus, giving erroneous results. 

The problem was eliminated by additional insulation and by operating tha 
condenser upsido down, so that any condensate formed on tha walls did not 
reach tha porous plate. 

Test Results. - Tests were performed first with steam alone, then with 
a mixture of steam and air. Both types of tests were repeated with coolant 
water at 21.1»C (70“F), 52.2»C (135“F), and 6C.5»C (150’F). The results of 
these tests are summarized in Table 7. 
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TABLE 7 aAT PLATE COSmiSZa TEST BESUITS 



774 300 9^ 21.1 2S.S 10B2 12BS 102.2 51.1 | 431 293 6 63 


763 300 1010 57.2 £0.5 823 977 101.6 C2.0 397 371 SO 55 

779 300 ! 1010 £5.5 £8.3 693 921 101.6 03.3 334 395 81 55 

4 




TIkj fc 2 iJ rate to tfia coRtJansor was calculated by adding tija ccasurcd 
quantities of »atar recovered by tha porKiS p1ota» csndaasing on tha tall 
of tha Griclesure, cendsnsed by tha eualllary condansar, and leaving trlth 
tha vent air. Tha condanaar efficiencies for various coolant tss?eratures 
»^ro calculctcd by <tetsns1n1ng tba ratio of tbo racovsred water to tba 
«stx1c«a ^sslble recovery, expressed by tha olfforcnco bote^n tho feed ond 
tha calculated ae^>nt of vspor leaving tho condenser ulth air at saturation 
Tha low efficiencies of tho flat plato condonsar era ralnly dua to a ssall 
porous plato area and ccndsnsatlon on tho enclosure walls. 

Tlwi csount of heat gained by tha ccolent, l.s., tha heat transfer rata 
was dateralned frea tha coolant flcerato and tesperatura risa. Tha thoore- 
tlcal rate of heat transfer frea tha co.*^nsat1cn sida to tha coolant sida 
was calculated by caking an overall heat balanca across tha condenser. Tha 
flux to tha coolant sida Is tha sua of latent hrat of condensation and 
sensible beat recovered frea tha gas phaaa dus to tss^ratura dlfforenca 
bats« 2 an tha gas phase and tha ccndansaticn te^aratura. On tha averoga, 
tha experlcentel rata of haat transfer for tha flat plate condenser Is 64S 
of tha theoretical valua. 

Tha avsraga overall haat transfer ccafficicnt, U, for tha coc^slte 

condenser ass^ly based on tha porous plate area was calculated to bo 
2 

277 watt/a -*C. This heat transfer coafficient was used In estlasting tha 
heat transfer pararaters for the design of a cylindrical three-can 
condenser. 

Cylindrical Condaner 

Design Considerations .- Condensation frea a vapor-gas nixture doss 
not occur at nearly constant tesperature as In tha case for pure vapor. 






Imtaad, dua to tha chan^a In t*sa cas* ratio of vapor end ncRcar/lar.sablo 
gas, t*5a tc^ratura decrssaes aa tho cststufo prctjressas tftrcys-h tHa 
cof^ansar. To accurately eodal this cendsnsatlon procasst It is rtccossary 
to uso a stsp^lso nicsrical analysis* 1.o.» cr.a In dilch tha length of tho 
ceneansar Is divided Into a series of ftnito alcssnts. It Is also necessary 
to consider ths variation of loeat thsnsodynaalc prcpsrtlas end thair effect 
on tho local heat and coss transfer c^fflclcnts for each finite elcrant. 

Ono tssthed of condenser design »h1ch satisfies tho ebova rcoulrczsnts is 
tha Colburn and Hougan^^ tschniqua, 

A throaon capacity condenssr «3S dsslstjod using Colbum-Hsuson 
tochniqua ai^ using design fectors sumrised In T&blo Q. Slnco o cylin- 
drical tuba and shall typa configuration prcvldas larger surfa^ area per 
unit voltrca than a flat configuration* a cylindrical shapo ^s selected. 

Tha cptlEsn surface area of tha porous plate Is obtained with stcaa flowing 
on tha shall sida end cooling liquid on tha tuba sida. Convenient dla- 
Esters of shall arel tuba wre selected on tha basis of ccsarclal avail- 
ability of stainless steal tubing, then tha length required for obtaining 
tha necessary surface ;rrea was calculated. Table 9 shows dlnanslons of tho 
condenser cKponants. 

Descrlotlon .- Figures 15 and 16 show tha scheaitlc and tha actual 
condanscr assc!Tt>ly. Figure 17 presents Its ctE^onsnts, and Figure 18 Its 
cross section. The Inner tube and tha outer jacket are fashlor^d froa 
ccncerclally available thin wall stainless steel tubing, while tho porous 
tube was constructed by rolling \ porous copper sheet and silver brazing 
the sides together. Tha specifications of porous sheet are Identical to 
those used In the flat plate condenser. Steaa Is Introduced tangentially 





TASLE 8 CESIGII caiOHICr^S FOR A nfREE-ilAJ! CAPACITY CKiDEKSER 



StccQ, gr/hr SSO 


Air, L/hr 

311 

Condcnjor 


Inlet Tsiperaturo, ®c 

104 

Outlet tcrpsraturg ®c 

65 

Coolant Liquid 


Flow Rata, ol/sin 

1178 

Inlet Tcc?erature, *c 

54 

Outlet Tes^arature, ®C 

60 

Operation Tic?, hrs/day 

16 




TABLE 9 DESICM OIKSiSIOnS OF THE CYlir.*B.lICAL CDiaJENSER 





- J 









Porous Tuba 

2 

Surfeco Area, ca 683 

Insida Oiocstcr, ca 4.95 

Outsida Olcaater, ca 5.59 

Length, ca 50.3 

Innsr Tube 

iRSida Oleaster, ca 4.42 

Outside Oleaster, ca 4.75 

Outer Jeckat 

Inside Olcisiter, ca 6.09 

Outside Olficater, ca 6.35 

Length, ca 50.9 
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Thsrsacoupio 



Figure 15 SCHEMATIC OF THE CYLINDRICAL CONDENSER 
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Parous Cc^psr Tub® 


Stainless Steal Tut>« 


.■;.-v.*;»5V' •■ .ij(« r 'W”' •'•V 


Figure 18 CYLINDRICAL C0Nf£NSER CROSS SECTION 





tha st@«iis8 fl&s. A gap tetwMS Innar tuba and th® parous tub® provldss 
tba pissagt for collecting tbi mesvofsd coRd®nsat@. Whsn steal Is Intro- 
duetd @t atasptefle pressur®* tb® mcovov'ad eendsnsat® Is rm@v®4 by 
applying a si 1 gist vacuus t© th® comf^nsst© out1®t; hsK^var, whs© staasa 
prossur® Is hlgter than alMsphsrlc, th@ condansat® Is pushed out autesat- 
Ically. Connecters ar® provided m th© out®? jacket for th-esrwcmsples and 
a drain. To provent tte esndsnsatlc© on tho out*r jaskst, tha c®n#ns@r 


as$(H^1y Is haavily iniulatsd. 

E^sflffifiatel hrrmmmnt.- 
cylindrical cendansar is shs» in Hpr® 19. It 


set-up for testing tha 
is sifsilar to th© arranga- 


a disphra^typs csspressor t© th® systes. Steasi Is g©n©r®t®d frea 
dlstlFi^d water in a glass bollsr at ® dssirablo rate by regulating tha 

input volteg© to th® tester, fetsrod i^sunts of air are added to th© 

• • 

vapor stroasa tefor® entering th® cond®ns©r. For cendsnser op-@r®t1sn at 
pressures higher than ate®sph®r1c, th® vapor-sir mljctura Is a-Ks^ressed by 
the ccsipressor* than dtllvered to tha condenser. Uncondsnsed vapor leaving 
the condenser is passed through an auxiliary condanssr cooled by tap water, 
and tte volun® of th® condensate n^asursd. The coolant vater for th® main 
condenser Is first preheated to the desired temperature bath, then 
circulated countercurrently to the steam flow through tha cooling side of 
the condenser. Inlet and outlet temperatures of steam end coolant water 
are measured and recorded, yhsn the main condenser coolant temperature 
reaches a steady state, the test Is Initiated and contdhucsJ for on® hour. 
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Figure 19 EXPEKI^MTM. SET-U? FGil TSSTIiS Ti€ CVlIilSIlCM. CCIliaSEi 


To d@tsralR@ th® ©ffleltney st hlfh pr^ssyr®* tte vipsr/ilp 

miKtup® Is coff#f«s@d by a <l1iplirep»typ® caaprsssor snsS at ® 

das i red pmssura level by adjustiRf a valv® located on tte c®nd®ns®r $t®ia 
outlet; otherwise the test proesdur® is Idantleal to th® atesphsrlc 
pp@ssu»*@ testing. Bscius® the condtnssr pressure end th® proesssing rates 
mm s®1©ct«d as th® indeptndent variables to iria'i^ritalRid constant during 
the duration of mch expsrtents they dstermin® th® other indspendint 
opsrating par»ters. Thus, th® condansor pr®ssuf« nd flo^rat® dgterain® 
the suction pressure of th® css^rtssor, v^hleh, in turn, affects the toiling 
temfisratuf®, requirinf toiler htiter adjustments. 

Tests at Atsi^spfieric Pressor® .- Tto csnds-nser tested at atesspteric 
prossup© using a miKtup® ©f steam and air at different coolant tasf^sratures. 
The operating conditions and results for e-ach test are presented in Table 10. 
Tha feed rates to the cond®ns@r and the eondisnsor ®ff1c1®nc1@s ufwfer various 
conditions mro Masured in a Runner discussed for flat plat® condtRser. As 
shm^n In Table ID, tte cylindrical condenssr has a high overall efficiency 
which is nearly indapendtnt of th@ coolant tsspsrstups. Th® theoretical rate 
of hsat transfer to the coolant wis calculated fnis th® total hsat balane® 
across the condensar, and the actual rate was dstarsnlned from th® msasured 
tempera tur® difference and flwratQ of the coolant. Except for run Mo. 7 , 
which shows an unrealistic ratio of actual to theoretical rate of heat 
transfer, the average rate of heat transfer for other runs is about 87!S of 
the theoretical value. 

In order to check th® viability of the cylindrical condenser as a 
zero-gravity functional unit, an experiment was performed with the condenser 
at a horizontal position. By placing the condenser horizontally, the 
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TABLE 10 OPERATIOfi OF THE v'?UKSRICAL COSISKSER AT ATMOSPHERIC PRESSURE 




test wss parfens^d vsiith & mixture of SOS stea® and IQS air. The eenden- 
sat® te®s collected by a suction provided at th® side of th® condenser. 
Collecting the condensate from a single side port requires relatively 
high vacuum, but pulling too nwh vacuum pulls scm of tha non-condsnsabl® 
gas to the condensate side which Is undesirable. To prevent the passag® 
of non-condansable gas, the condenser was slightly angled (15®) toward th® 
condensate collecting sid®, and less than optifsiusn vacuum was provided at 
the collecting port at the expense of lowr efficiency. Th® results for 
this run sr® swiarizsd In Tabla 10. Th© fact that the condenser is capable 
of performing under this condition Indicates that the condenser can b@ a 
zero-gravity unit. 

Tests at Pressures Higher than Ateaspherie .- The ®xp@riRT«nts were 
perfortisd at two condenser pressures for too different percentagss of elr 
in the mixture. Th® operating conditions and test results ar© presented 
In Table 11. Du® to th© limited capacity of th® ccfiiJrsssor, liquid preeass 
rate vas about on® naif of the three man rate. As can bs seen in Table 11, 
the dependant paratrestars such as suction pressure, and boiling te^s^eraturs 
are different for each case. After start-up, except for minor adjustments 
of the boiler heater to keep tha suction pressure constant, the system did 
not require any adjustent. The condenser efficiency was calculated In a 
manner discussed earlier. Contrary to the expectations, the efficiency of 
the condenser was lower at higher pressures. The unexpected results might 
be due to the effect of some subcooling caused by the highly non-ad1abafIc 
behavior of the compressor. 





Mttr pmUmimr^ with t^tur ta &l@ralnt tl» fMf® ©f 

©j^ratlonal pariasStfs ®tt4 t© staft«vp» mj«! fynis’lf<f imd stiut- 

pf«.f cisiras , stv®p8l rens mn »4s with mtrmu4 yrlaa wfi4ff* th« 
®cte§! catalytle . water recsvffy c»rt4tt1s«s. 


ew®pa«t©r and gas bls^ssr. Th© @Kpsfte«t Is stsrted by pr®teat1nf tl?® 
catalytle r©sct®« to their eptrat1e«1 ttefsrsturss* f©11&4i^4 by preying 
of tte urlRS ©vai>§r®tof. A Egasored strt» ©f @1r rti^yired for galntitolgf 
to® dtsimd OKyssn c®sicsTitrst1o?i in f®t4 Is ®44t4 to th® urlat vapor foefar® 
cfitorlog to® osidatloa catalytie rsactsr. TSt© vaj^r-olr str®aa is 
p®s$®d through to® fil^ OKidstlsn r®®ctor» toss co«lirctt4 directly to tha 
condenser. TtfS tufc® ceawctfog toa catolytls reactor with to® cm&mmr 
is heated with a hsating taps to prevent vapor co«d®Rfat1on in toa liw. 

A gss bl 0 %!i^r, located bstwson the condsnser and tba urina ®vaporitor» 
recycles tha KSfl-conderfsat>l@ ps and ths uncsndtfisad vajjsr to to® top of 
tha urlRs evaporator. A smll portion of the noncondensaglo ps equiv- 
alent to tlis amunt of added air is vented through toe H^P decs®|>osition 
reactor to maintain a constant internal pressure. Tap water was used as the 
coolant liquid instead of feed urine because the catalytic system is not 
equipped with a urine recycling loop. The coolant water was preheated to 
the desired te^ereture by passing torough a copper coil itisssrsed in a 








iSS&S^^'^'^^^Siiili 















coimtant tmmmtun batti, eireulstfd through th@ rcaltng §Ma ef tli® 



Pr® 11 ®lR§s 7 nms mt@ rads Mitb mttr la a flcs^-thrcygh wda to 
dstorair.0 tbs vapor ganssrsttoa rato ua&p ths ssg1®st§d comSitioas, Tfj® 
systsa «ss tten coRV«rtod t© rtcysls opsratlea aad s f1e«t®r m% t®s|);sr» 
artly placed b®t«^a th® ps blswr and th« ©vsporstor to fissure 
mycl® rata. Aft®r proptr adjusts^Rts wtr® madt to ®chi®v® a desired 
reeycis rat®, th@ fl»i®ttr was r«iv#d and adjastsaats w©r© Rslateliasd 
uacbaapd for tb® rstt of tbs ®gptr1«Rts. 

All t@sts «ftli yrlnt «m parforssd ta a «“©syc1@ mda uslnf uatPtsttd 
urlna. Th® liquid precssslRf ar^ rtQ^ellnf rat® for th®s-a tests mn 
assiwd to te Idtaticil ta Ibt rstss E^ssurtd disrluf pf'sItelRiiT' rens witls 
wst®p at correspsnding condltlcms. Cacti test stsrt®d afttr establlsts" 
iRg ® Steady state condition, §M was watinutd for eftt Imrip. 

Test Results ." Tbi ©sptrleiaritsl condition® ®,Rd results for ttti tests 
with urlo® art s»ar1i:@d In Tabi® 12. Btsaust th® ^«por stress es1t1n§ 
th® catalyst ted m% f®d directly to tte candcwssr, th@ te^srature of 
ths vapor Inlet to the cenctensar was higher than it would ba In an efficient 
system esploying a h@it @^chang@r. Th® high vapor te«i>erature insid® of 
the consisnssr Inereasos ths heat loss through the walls end, thus, dgcrsases 
the ratio of the observed to theoretical heat transfer rates. For an 
efficient operation, the vepor should ba coaled close to tha saturation 
tenperature before entering the condinser. 

Tlte average condenser efficiency for collecting wastes was approx1» 
mately 90t and decreased with ths Increas® in coolant tei^srature, as 
expected. These tests indicate that the condenser Is capable of performing 



















satisfactorily at high coolant te^raturgs r®<|yired if direct haat transf®r 



COMCIUSIOMS AMO RECOIffEKOATIONS 


Bes04 OR tho sRslytical evaluation of conceptual evaporatlcn/coRdtn- 
satlon systes5!s and test data obtained during this Investigation, ths 
following conclusions can wds: 

1. An energy ©fficlent evaporatloa/condsasatlon concept suitable 
for Integration with the catalytic water recovery system ccs^in- 
ing th« energy efficiency of the VCO with the mschanical 
siB^JlicIty of T|1€S was Identified. 

2. A cylindrical condenser sultabis for a three««sn rats catalytic 
water recovery systsai and cspahl® of condensing water vapor In 
the presenc© of up to 20S noncondsnsabl® gases fit atmsphsric 
or elevated pressures mi> developed. 

3. The cyllndrlesl condanser has an average cendgnsatlen effisney 
of approKimatsly %% at various coolant tesf 4 >sratur@s. 

4. The condenser recovers and transfers th® heat of condensation 
to the coolant, which In tho actual system will be the feed 
urine Tht avsrag® rat® of heat transfer to the heat sink Is 
about 85S of the theoretical value. 

5. The condsnser functions equally well in any position; there- 
fore, it can be asst«d that it Is suitable for zero-g 
conditions. 

6. The condenser perfonsed satisfactorily integrated with the 
dual catalyst system under the actual operating conditions with 
untreated urine. The observed average condensation efficiency 
of the condenser with the dual catalyst system was about SO*. 
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suitablg for Integration with th® catalytic casithod Is rocsiMnded. Sins® 
many com^nents have b®en pmvtowsly tested In similar applicstlens and ths 
cond®f5S@r for condensing reeav@p®d wattr with transfer of orergy to fetd 
urins In the presonco of iwrseondensables has been developed during this 
program* there should fee no unsuwsunfcabl® probl®?s for the davelopswnt of 
an Integrated system. 
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untreated urina fey the catalytic 
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integrated with so energy efficient. 


ta. 

Th® recovery of potable water 
rosthod has been previously dessnstratsd 
requirements, the catslytic system Rwst 
zero-gravity evaporative process. 

Tha first phase of this program consisted of a study and a.aalytlcal 
evaluation of conceptual evaporation/condensatioa systems suitable for 
gration with th® catalytic water recovery isssthod. The priroary requ1re®nt 
each concept were its capability to operate under zero-gravity conditions, 
condense recovered water from a vapor-noncondensable gas mixture, and integrate 
with th® catalytic system. Specific energy requirsj^nts were estiiMted for 
concepts rnfieting tha primary requirements, and the concept most suitable for 
integration with the catalytic system was proposed. 

A Three-man rate condenser capable of Integration with the proposed 
systa'fl, condensing water vapor in presence of noncondensables and transferring 
the heat of condensation to feed urine was designed, fabricated, and tested. 

It was tested with steam/air mixtures at atfitospheric and elevated pressures an^ 
integrated with an actual catalytic water recovery systsn. The ccnderiser has 
a condensation efficiency exceeding 90% and heat transfer rate of approx imateli^ 
85% of theoretical value at coolant temperatures ranging from 7“C to S0®C. 
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